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NAADP is now established as a Ca2+ messenger by
recent studies which have shown that it is active in
various cells, identified the targeted Ca2+ stores and
demonstrated a stimulus-activated increase in its
endogenous levels.
Nicotinic acid adenine dinucleotide phosphate (NAADP),
a derivative of NADP [1,2], is the latest to join the rank
of Ca2+ messengers: this much is clear from four
recent studies of Ca2+ in various different physiological
contexts [3–6]. The first Ca2+ messenger to be
described was inositol 1,4,5-trisphosphate (IP3) [7],
soon followed by cyclic ADP-ribose (cADPR), a novel
cyclic nucleotide derived from NAD ([1,8]; reviewed in
[9]). The discovery of multiple Ca2+ messengers has
ramifications far beyond providing a way to function-
ally characterize the different Ca2+ stores in cells; more
importantly, it establishes a framework for under-
standing how cells can distinguish between diverse
stimuli signaling via Ca2+ mobilization.
NAADP was first discovered as a contaminant in
NADP that has Ca2+-releasing activity on sea urchin
egg microsomes [1,2]. Structural analysis showed that
NAADP is a nicotinic acid derivative of NADP, differing
only by replacement of the amino group in NADP’s
nicotinamide moiety by a hydroxyl (Figure 1) [2]. This
simple change endows NAADP with Ca2+-releasing
activity in the low nanomolar range, the most effective
ever described. Cells shown to be responsive to
NAADP come from a wide variety of plant and animal
species, the most recent example being human pan-
creatic β-cells ([4]; reviewed in [9,10]). The Ca2+ release
activated by NAADP is distinct from that activated by
IP3 or cADPR, with different pharmacological proper-
ties as it is insensitive to blockage by heparin or 8-
amino-cADPR, specific antagonists of IP3 and cADPR,
respectively [1,2]. More information about the struc-
tures, metabolism and functions of NAADP and cADPR
can be found in a recently published book [10].
NAADP-sensitive Ca2+ Stores are Lysosome-like
Organelles
The first of the four new studies [3] concerned the
identity of the Ca2+ stores targeted by NAADP. Earlier
fractionation results showed that the NAADP-sensitive
stores in sea urchin eggs have a distribution profile on
Percoll gradients distinct from the cADPR- and IP3-
sensitive stores, which co-purify with the endoplasmic
reticulum (ER) [1,2]. Functional visualization of Ca2+
stores in live sea urchin eggs, after stratification of the
organelles by centrifugation, also showed that the
NAADP-sensitive stores segregate to a pole opposite
to the nucleus and are separable from the cADPR-
and IP3-sensitive stores [11].
The first clue about the identity of the NAADP-
targeted stores came from the use of a lysosome
disrupting agent, glycylphenylalanine 2-naphthylamide
(GPN), which elicited Ca2+ release in the egg micro-
somes and produced highly localized Ca2+ release in
intact eggs. GPN inhibited NAADP from releasing Ca2+
in both microsomes and intact eggs, without affecting
the Ca2+ released by either cADPR or IP3, showing
appropriate selectivity [3]. Lysosome-like organelles,
as visualized by a lysosome-tracking dye, were found
to segregate to a pole opposite to the nucleus in the
stratified eggs [3], consistent with the functional
localization described above [11].
Further support came from fractionation of egg
homogenates, which showed that the NAADP-sensi-
tive stores are separable from those sensitive to
cADPR and IP3 and co-distribute with lysosomal
enzyme markers [3]. An unusual property of the
NAADP-sensitive stores is that they are insensitive to
thapsigargin, an inhibitor of the ER Ca2+ pump [12].
This puzzle is now solved by the finding that the Ca2+
sequestration in the lysosomal/NAADP-sensitive frac-
tions is instead mediated by the combined action of a
H+-ATPase and a H+/Ca2+-exchanger. Thus, the
process was found to be sensitive to bafilomycin, an
inhibitor of the proton pump, as well as by ionophores
that disrupt the proton gradient [3].
Cells thus have at least two separate Ca2+ pools
(Figure 2). One pool is the ER, which contains both the
IP3- and the cADPR-sensitive release mechanisms.
Accumulating evidence indicates that the Ca2+-release
target activated by cADPR is the ryanodine receptor,
which also mediates Ca2+-induced Ca2+ release (CICR;
reviewed in [9,10]). The identification of lysosomes as
separate Ca2+ stores targeted by NAADP establishes a
hitherto unappreciated possibility that lysosomes are
fully functional Ca2+ stores mobilizable by a specific
Ca2+ messenger. It also provides further support for
the intriguing possibility that NAADP may be intimately
involved in the vesicular transport processes. This pos-
sibility was first proposed because of the acidic pH
optimum of NAADP synthesis by ADP-ribosyl cyclase
[13]. The cyclase and its homolog CD38, a lymphocyte
antigen, are multifunctional enzymes which not only
can cyclize NAD to cADPR at neutral pH but also can
catalyze a base-exchange reaction at acidic pH to
produce NAADP from NADP [14]. Indeed, internaliza-
tion of CD38 from the cell surface to endocytic vesicles
can put the enzyme in an acidic environment con-
ducive to the synthesis of NAADP (Figure 2).
NAADP-responsive Cells are Widespread
It is not just invertebrate cells, such as sea urchin
eggs, which are responsive to NAADP — so are a
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variety of mammalian cell types (reviewed in [9,10]).
The pancreatic acinar cells were the first reported,
where NAADP was found to be responsible for initiat-
ing the cholecystokinin-induced Ca2+ signals [15].
Likewise, in pancreatic β-cells, two recent articles
report that the NAADP-sensitive Ca2+ stores also play
important roles in mediating Ca2+ signaling activated
by insulin [4] and glucose [5]. Treatment of human islet
β-cells with insulin induced complex Ca2+ signals,
consisting of multiple large bursts superimposed on a
prolonged plateau [4]. The plateau was dependent on
external Ca2+ and was inhibited by xestospongin, an
IP3-receptor blocker, as well as by prior discharging of
the ryanodine receptor-regulated Ca2+ stores by caf-
feine. The initial Ca2+ bursts were not affected by
these treatments, but could be mimicked by microin-
jection of nanomolar concentrations of NAADP [4].
The response to NAADP in pancreatic β-cells was
biphasic, with high concentrations being inhibitory [4].
This is similar to the observations in sea urchin eggs,
and reflects desensitization of the receptor (reviewed in
[9,10]). Microinjection of high concentrations of NAADP
into the β-cells to desensitize its receptor completely
blocked insulin from activating any Ca2+ response.
These results are consistent with NAADP being the trig-
gering signal for insulin, which is then amplified and/or
propagated by Ca2+ influx as well as CICR via the ryan-
odine-(cADPR-) and IP3-sensitive stores (Figure 2).
Human islet β-cells are technically difficult to work
with. It is thus fortunate that a clonal murine β-cell line,
MIN6, responds to NAADP in a very similar manner [5].
The ready availability of MIN6 cells allowed direct
demonstration of the presence of a specific NAADP
receptor in these cells by using radioactive ligand
binding. Microinjection of high concentrations of
NAADP to desensitize the receptor completely blocked
the glucose-induced Ca2+ signals [5], suggesting that
NAADP also has a signal-initiating role in this case.
Endogenous NAADP Levels are Responsive to
Exogenous Stimuli
An important criterion that a second messenger must
satisfy is that its endogenous level should be responsive
to stimuli. This has now been shown to be true for
NAADP in three different cell types: MIN6 cells [5] and
sea urchin sperm and eggs [6]. Both of these studies
used a radio-receptor assay for measuring endogenous
NAADP levels, which is based on the high-affinity and
specific binding of NAADP to its receptor first observed
in sea urchin egg microsomes [16]. In MIN6 cells, cor-
relating with the glucose-induced Ca2+ changes was a
two-fold elevation of endogenous NAADP [5]. A more
dramatic increase was observed after activation of sea
urchin sperm [6], which was, in fact, the first cell where
NAADP was shown to be endogenously present at high
concentrations [17]. Encounter with the jelly-like layers
surrounding the eggs triggers the acrosomal reaction in
the sperm, rendering them competent for fertilization.
Endogenous NAADP increased approximately five-fold
to a calculated level of tens of micromolar following
acrosomal activation [5].
As NAADP is effective in the nanomolar concentra-
tion range, the high concentrations observed suggest
that the sperm can function as delivery vehicles,
transferring enough NAADP to effect changes in the
fertilized eggs. Of particular interest is the fertilization
Ca2+ wave, which occurs in two phases: a strictly
localized Ca2+ increase in the whole cortex of the egg
occurring immediately after sperm–egg fusion,
followed by a global wave emanating from the fusion
site and spreading across the entire egg. The results
show that the endogenous NAADP level in eggs
increased about four-fold following fertilization, and
this increase occurred in two peaks [5]. Only NAADP,
but not cADPR or IP3, generated by local photolysis of
its caged analog [16], could produce the cortical Ca2+
flash [5]. All three messengers, however, could induce
the global wave. Prior injection of NAADP to desensi-
tize the NAADP-receptor eliminated the fertilization-
induced cortical flash. Although the subsequent global
Ca2+ elevation still occurred, its duration was signifi-
cantly shortened. Reciprocally, fertilization also short-
ened the global Ca2+ increase induced by photolyzing
caged NAADP [5]. 
These results are consistent with NAADP function-
ing as a Ca2+ messenger at fertilization. As in pancreatic
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Figure 1. Structure of NAADP.
Both the chemical structure and a space-
filling model of NAADP are shown. The
critical determinants for its Ca2+ signaling
functions are circled [18]. Color code:
oxygen, red; hydrogen, white; nitrogen,
blue; phosphorous, yellow.
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acinar and β-cells, NAADP appears to play an initiat-
ing role, in which its Ca2+ signals are then amplified
and/or propagated by the cADPR- and IP3-mecha-
nisms via CICR. Collectively, this series of studies
[3–6] has provided clear evidence to establish NAADP
as a new Ca2+ messenger.
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Figure 2. Multiple Ca2+ stores in cells.
NAADP targets lysosome-like organelles,
whereas the cADPR- and IP3-sensitive
Ca2+ stores are co-localized in the endo-
plasmic reticulum (ER). Ca2+ transport in
the lysosomal stores is mediated by the
combined action of a bafilomycin-sensi-
tive (bafil. sens.) proton pump and a
Ca2+/H+ exchanger. The Ca2+-pump in the
ER is sensitive, instead, to thapsigargin
(thap). In several cell types, Ca2+ release
activated by NAADP serves as triggering
signals that are amplified and/or propa-
gated by the cADPR- and IP3-mecha-
nisms via Ca2+-induced Ca2+ release
(CICR). This interaction between the two
Ca2+ pools can produce Ca2+ oscillation
as well as Ca2+ wave propagation. Both
NAADP and cADPR are synthesized by a
single enzyme, ADP-ribosyl cyclase
(ADPR cyclase), using, respectively,
NADP and NAD as substrates [13,14]. The
synthesis of NAADP has an acidic pH
optimum. CD38 is a mammalian homolog
of ADPR cyclase, which in some cells, is
expressed on the surface and can be
internalized by endocytosis.
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